The present work is concerned with the flow reversal phenomenon that is caused by the centrifugal buoyancy forces in the case of three-dimensional radially outward flow through rectangular ducts rotating in orthogonal mode. Due to the flow reversal, regions of zero to low fluid velocity (stagnation) are created near the leading wall and the heat transfer, consequently, is impaired causing concerns for the design engineers. Three duct cross-section i of the same hydraulic diameter but different aspect ratios (1:1, 2:1 and 3.33:1) have been examined in this numerical study for flows at different rotation numbers and different temperature ratios. The rotation number examined ranged from 0.08 to 0.35. For each rotation number the temperature ratio is increased until the flow reversal phenomenon is observed in the CFD predictions. For all the three ducts, computations have been carried out for Reynolds number equal to 80,000. The onset of the flow reversal near the leading wall and at the exit of the single-pass flow passage is studied with the buoyancy number variation.
INTRODUCTION
The effects of rotation (e.g. Coriolis forces and the centrifugal buoyancy) on the flow and heat transfer characteristics of internal cooling flows are of significant practical interest for the turbine blade cooling channel design. The coolant is passed through the blade internal passages in a serpentine path. The shape and size (crosssection) of the internal passages vary considerably depending upon their location from the leading edge to the trailing edge of the rotating blade (Tekriwal, I994a) . Due to the Coriolis force action, a crossStream flow is induced in the cooling passages. Depending upon the values of some of the non-dimensional parameters such as the Reynolds number and the buoyancy number, the effect of the centrifugal buoyancy can cause the radial flow to reverse itself from radially outward to radially inward in the region close to the leading wall (see Prakash and Zerkle, 1992 and Tekriwal, 1994a and b) . Ma
Mean Flow Direction
Line ' (Thane) of Symmetry result, a region of zero to low velocity (stagnation) is created near the leading wall which causes the heat transfer to drop considerably in the region at the leading wall. The drop in heat transfer (Nusselt number) at the leading wall has been experimentally observed by several researchers (Wagner et al., 1991a and b; Yang et al., 1992; Han et al., 1992 and 1994) and also numerically predicted by several investigators (Prakash and Zerkle, 1992; Telcriwal, 1994a, c and 1995; Dutta et al., I 994a and b) . The drop in heat transfer can' be very significant in the stagnation region causing a concern for design engineers, especially at high buoyancy number flows (see Staub et aL, 1995) . The reverse flow near the leading wall can penetrate all the way close to the inlet if the buoyancy number is high at low to moderate Reynolds number flow. The rise in fluid velocity near the trailing wall can cause a significant acceleration and friction pressure drop and affect the flow adversely in the parallel flow passage configuration designs (Staub et al., 1995) .
The centrifugal buoyancy driven reverse flow phenomenon for the case of orthogonal mode rotation smooth wall square cooling passage was numerically investigated by the author earlier (Tekriwal, I994b) . The non-dimensional flow parameters such as rotation number. Reynolds number, mean radius ratio and the wall-to-inlet temperature ratio were varied over a range and their effects on the reverse flow near the leading wall were studied. The buoyancy number of 0.3 or higher was predicted to cause flow reversal near the leading wall of a square cross-section channel for flows at Reynolds number up to 25000. Since the cross-section of cooling passages can be, to some extent, controlled by the design engineers, it becomes imperative to assess the effect of the channel aspect ratio on the phenomenon of reverse flow near the leading wall. Three duct crosssections of the same hydraulic diameter but different aspect ratios (1:1, 2:1 and 3.33:1) have been examined in this numerical study for flows at different rotation numbers arid different temperature ratios. The rotation number examined ranged from 0.08 to 0.35. For each rotation number the temperature ratio is increased until the flow reversal phenomenon is observed in the numerical predictions. The values of the temperature ratio (ST/Tw) varied between 0.014 and 0.5. The coolant selected is a pressurized (approximately 10 atmospheres) high density fluid, R -134A so that relatively low rotational speeds (170-750 rpm) are needed to attain tbe required rotation numbers (0.08 to 0.35 in current computations). Low speed requirement reduces the cost and complexity of an actual test rig planned to acquire experimental data (see Staub et al., 1995) . For all the three ducts, computations have been carried out for Reynolds number equal to 80,000. The onset of the flow reversal near the leading wall and at the exit of the single-pass flow passage is studied with the buoyancy number variation. The objective of the current work is to provide a qualitative information as to how the buoyancy number dependence of the flow reversal phenomenon changes as the cooling passage aspect ratio is changed. Figure 1 shows a rectangular cooling passage of size ax bx L rotating at a fixed angular speed to about the X-axis (see Tekriwal, 1994b) . The mean flow enters the duct at the radius R r and leaves through the outlet at the radius R r + L. The four walls (leading, trailing and the two side walls) are typically at a temperature higher than the cooling fluid temperature in a gas turbine. The Coriolis forces give rise to fluid motion in the cross-stream plane as shown in Fig. I . The fluid in the core Teton at relatively lower temperature and higher density experiences higher Coriolis force and moves from leading wall towards the trailing wall; and then returning towards the leading wall along the two side walls. Thus, two symmetric vortices are formed in the cross-stream plane as illustrated in Fig. 1 (see lacovides and Launder, 1990; Prakash and Zerkle, 1992; and Telcriwal. 1994a) . At higher rotation number flows, flow instabilities on the leading wall lead to transition to a more complex four vortex structure (lacovides and Launder, 1990) . Figure I . Illustration of the rotating radial passage.
CENTRIFUGAL BUOYANCY EFFECT ON THE FLOW
As explained in the above paragraph, the higher densitY fluid moves towards the trailing wall due to the Coriolis force action. Due to the centrifugal force action, the radial outward velocity of the fluid near the trailing wall is enhanced and the same near the leading wall is reduced. The effect is known as the centrifugal buoyancy effect (Tekriyal, 1994a) . The centrifugal force [-p x x rd on the fluid particles in a given radial plane ( r = constant) depends upon the density (p) for the case of fixed f2. The differential centrifugal force due to the density difference of the fluid particles is known as the centrifugal buoyancy. Depending upon the flow parameters the effect of the centrifugal buoyancy can lead to radially outward flow velocity near the trailing wall so high that a flow reversal near the leading wall (that is, radially inward flow) is caused in order for the continuity equation (conservation of mass) to be satisfied (see Telcriwal, 1994b) . This effect at high rotational speeds can cause the reverse flow to penetrate all the way near inlet of the duct, thus causing hydrodynamic instabilities in the flow (see Staub et al., 1995 and Tekriwal, 1994b) . A typical radial velocity profile in the case of reverse flow situation is shown in Fig. I at the exit plane.
EQUATIONS OF MOTION AND TURBULENCE MODEL
The governing equations of motion (conservation of mass, momentum and energy) and the boundary conditions are described in detail in earlier publication of the author (Tekriwal, 1994a and b) and for the sake of brevity will not be repeated here. The buoyancy effects are modeled through the ideal gas equation of state (for density calculation) and the-body forces (centrifugal forces). Chen and Kim's (1987) extended k-e turbulence model in conjunction with the wall function (see Tekriwal, I994a) has been employed because the extended k-e turbulence model, while yielding results the same as those of the standard k-e model (Launder and Spalding, 1974) for flows at low rotation number, improves the heat transfer predictions by up to 15 percent for flows at high rotation number (see Tekriwal, 1994a) .
The fully elliptic conservation equations are solved by the SIMPLE algorithm. The three-dimensional equations are integrated over the control volumes and finite difference discretizations are obtained. The staggered grid solution approach is used (Patanlcar, 1980) in which the scalar variables are stored at the center of the control volumes and the velocity components are located at the control volume faces. The hybrid interpolating scheme was chosen for the computation. The detailed implementation of the numerical algorithms is given by Braaten and Shyy (1986) . The hybrid scheme can generate false diffusion, especially in the case of strong secondary flow situations. However, if the grid size is refined adequately, the effect of false diffusion is minimized or even eliminated (Patankar, 1980 and Tekriwal, 1994c) . Due to symmetry (see Fig: 1 ). only one half of the duct cross-section is discretized and numerically simulated since the results in the other half would simply be the mirror image of those in the first half. A grid refinement study showed that a mesh size of 10 x 20 x 50 for the square cross-section duct, 8 x 32 x 50 for the duct of aspect ratio (AR) 2:1 and 8 x 40 x 50 for the duct of AR equal to 3.33:1 were adequate for the present cases analyzed. The changes in results due to doubling the grid in both x-and y-directions were within 5%. Since the shear stress is relatively small near the leading wall, one has to watch y+ values for the leading near-wall cells so that they do not fall below the Wall Function y+ limit (11.6 or so). All the three ducts analyzed had the swim hydraulic diameter (d=11.7 mm), the same mean radius ratio (R/d=111.86) and the same height (L/d=15.17). The size of the duct with AR=3.33:1 was 25.4 mm (1.0") by 7.62 mm (0.3"). The cell size was decreased as it neared the walls, with the ratio of cross-stream plane areas between two adjacent cells not dropping below 0.9. The cell size in z-direction was relatively small near the inlet and it grew at a stretching ratio of 1.05 in the positive z-direction. The ratio of the lengths of any two adjacent cells was 0.95 (1/1.05) in all the three directions. The y+ requirement for the wall function usage was satisfied with all the grid structures (see Tekriwal, 1994a) . The minimum and maximum y+ values typically were 20 and 90 respectively in the calculations with most of the values lying in the range of 25 to 60.
DISCUSSION OF RESULTS
The buoyancy number (Bo) has been used as a parameter to study the dependence of flow behavior and heat transfer in rotating channels in earlier investigations (Staub et al., 1995 and Telcriwal, 1994b ) for flows at a given Reynolds number. It is also the ratio of Grashof number (Or) to Reynolds number (Re) squared and can be derived to be the product of rotational, buoyancy and geometrical non-dimensional parameters as in the work of Tekriwal (1994b) :
As mentioned earlier, a grid refinement study was conducted to determine the adequate size of the mesh. The results of the grid refinement study are not included here. The reader is referred to the work of Pralcash and Zerkle (1992) and Tekriwal (1994a and c) for a similar grid refinement study. In order to see the effect of duct aspect ratio on flow reversal, the velocity vectors are drawn near the exit of the three ducts of aspect ratios 1:1, 2:1, and 3.33:1 in Figs. 2,3 and 4 respectively for the same non-dimensional parameters (Ro = 0.24, AT/Tw = 0.047, R/d = 112, Re = 80000 and Bo = 0.30). No flow reversal (radially inward flow) is predicted in ducts of aspect ratios 1:1 and 2:1 (Figs. 2 and 3 ), but the reverse flow near the leading wall of the duct with AR = 3.33:1 penetrates almost one-fourth of the duct height from the exit. (Figs. 2, 3 and 4 represent approximately one-third of the total duct length.) A duct with higher aspect ratio is more likely to cause the reverse flow phenomenon near the leading wall for the same flow conditions. Some of the non-dimensional radial velocity (W*) numbers are marked in Figs. 2, 3 and 4. These numbers provide an idea about the relative magnitude of radial velocities at different locations in the three ducts. Typically, the radially outward velocity is higher in magnitude near the symmetry line than the same near the side wall. Figures 5, 6 and 7 show the ratio of radial velocity at the corner of leading and side walls in the exit plane to inlet radial velocity (Wl-s*) versus the buoyancy number (Bo) for the three ducts examined in present work. For each of the ducts at a given rotation number the temperature ratio (AT/Tw) is varied (increased) until the flow reversal is predicted. Each point shown on the curves represents a computational run. For each of the curves at least two points are chosen such that they are close to the Wl-s* = 0 line and lie one on each side of the line. The interpolation curves then would give a good estimate of the buoyancy number (Bo) at which the reverse flow will be initiated. The Bo value at the intersection of these curves and the Wl-s* = 0 line represents the critical value above which the reverse flow phenomenon near the leading wall is predicted. It is clear from Figs. 5, 6 and 7 that for all the ducts the buoyancy number required to cause the radial flow reversal is increased with increasing rotation number. Figure 8 plots the velocity ratio, WI-s* versus Bo for the three duct aspect ratios for flows at a fixed rotation number (Ro = 0.24) and a fixed Reynolds number (Re = 80000). As the aspect ratio is in--creased from 1:1 to 3.33:1, the buoyancy number needed to cause the reverse flow near the leading wall is decreased. The buoyancy number to cause a flow reversal in Fig. 8 needs to be above 0.44 for the square duct, above 0.31 for the duct with aspect ratio 2:1 and above 0.26 for the duct with aspect ratio 3.33:1.
The reverse flow phenomenon is known to exist in the internal cooling passages which adversely affect the heat transfer performance of the Cooling channels. However, depending upon the location of the passages on the blade, a designer may have some control over the shape and size of the cooling passages. The results in the current work will provide a qualitative guidelinefor the design of the cooling holes. For instance, if the aspect ratio (b/a) of the duct is changed from a higher value to a lower value, the penetration of the reverse flow will decrease or it may even be eliminated for the same flow conditions.
SUMMARY
The effect of duct aspect ratio on the buoyancy driven reverse flow near the leading wall of smooth cooling passages rotating in orthogonal mode has been numerically investigated for flows at Re equal to 80000 and Ro ranging from 0.08 to 0.35. Three duct aspect ratios (I:I, 2:1 and 3.33:1) with the same hydraulic diameter have been analyzed. The buoyancy number required to cause the onset of flow reversal decreases with increased aspect ratio. A duct with higher aspect ratio is more likely to cause the reverse flow phenomenon near the leading wall for the same flow conditions. Within the same duct, the buoyancy number required to cause the reverse flow near the leading wall increases with increasing rotation number flows.
The effect of Reynolds number on the buoyancy number to cause the flow reversal is currently under investigation.
